Abstract-The use of a thin, low-index liner layer over a surface grating covered by a high-index cover layer in a III-V alloy waveguide significantly improves the coupling efficiency of grating couplers, and therefore, reduces the length of such couplers by an order of magnitude. The same low-index liner and high-index cover layer can also reduce losses between transition sections of photonic integrated circuits or between a laser region and a distributed Bragg reflector or grating coupler region.
. Calculated normalized intensity modal profiles for (a) silicon photonics waveguide, (b) DFB waveguide, (c) DBR/OC waveguide, (d) ECS DBR/OC waveguide, and (e) ECS silicon photonics waveguide. Each waveguide has the same core thickness (0.3 micrometers), same core index (3.5) and same grating depth (0.1 micrometers). The indices of the substrate, core and superstrate are n 3 , n 1 and n 2 respectively.
The reason that SOI waveguides can have such short, efficient gratings is illustrated in Fig. 1 (a), which shows a large index contrast between the high index Si waveguide core and the indices of the superstrate and substrate. However, gratings in III-V waveguides (such as InP and GaAs alloys) are fabricated on layers with small index contrast for at least one interface, as illustrated in Fig. 1 Fig. 1 all share a common waveguide core with an index of 3.5 and a total thickness (before the grating is etched) of 0.3 micrometers and a grating etched into the waveguide core to a depth of 0.1 micrometers. In the case of a DFB structure [ Fig. 1(b) ], the index contrast between the waveguide core and both substrate and superstrate is low. In the case of a DBR or OC [ Fig. 1(c) ], there is a high index contrast only between the waveguide core and the superstrate. As a result, as the grating is etched deeper with the expectation of increasing coupling, the waveguide mode moves into the substrate, away from the grating region, reducing the interaction of the field with the grating. The result is a reduction in the coupling. For very deep gratings the waveguide can even become cutoff.
(b)-(d). The waveguides in
The reason that a short grating in the SOI waveguide is so efficient is that the optical mode is mostly confined to a narrow waveguide core (due to the large index contrast on both sides) and the depth of the grating is a large fraction (25% to 50%) of the total core thickness [ Fig. 1(a) ].
In the following section, we discuss the use of a thin liner layer followed by a cover layer to provide an Enhanced Coupling 0733-8724 © 2017 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
Strength (ECS) grating allowing short, efficient couplers in III-V waveguides.
II. CONCEPT OF ENHANCED COUPLING STRENGTH GRATINGS
The formula for the coupling strength κ pq between a forward propagating mode (mode p) and backward propagating mode (mode q) of a first-order grating formed in an optical waveguide [10] - [12] :
shows that the strength of the grating increases as the difference between the index of refraction of the core region (n 1 ) and the index of refraction of the layer directly above the grating (n 2 ) increases. (This term, (n 2 1 − n 2 2 ), is the relative permittivity difference since the relative permittivity is equal to the square of the index of refraction: ε rel = n 2 ). In (1), "a" is the depth of the grating. In addition, the effectiveness of the grating also increases as the fraction of the light confined to the grating layer increases (the integral term in (1)), labeled the "grating confinement factor," Γ g . The angular frequency of the radiation is ω, the permittivity of free space is ε 0 , and b m is the Fourier coefficient corresponding to the first-order grating period of the grating profile. Although (1) applies only to in-plane coupling and not directly to radiation coupled out of or into optical waveguides, increasing the relative permittivity difference (or index contrast) and grating confinement factor is equally important for gratings of all orders.
Another way to view the effectiveness of a grating is to consider that a periodic sinusoidal boundary between two materials is equivalent to a planar boundary with a periodic surface current J(z) (see Fig. 2 ) given by [13] :
where ε 0 is the permittivity of free space, ω is the radian frequency of the electromagnetic (optical) field, ηW is the amplitude of the periodic boundary, ε 1 is the relative permittivity of the material on the lower side of the grating, ε 2 is the relative permittivity of the material on the upper side of the grating, K (K = 2π/Λ, where Λ is the grating period) is the magnitude of the grating wavevector, z is the spatial coordinate aligned with the axis of the waveguide and is also the direction of propagation of the electromagnetic (optical) mode, and E(W,z) is the value of the electric field at x = W (x is the spatial coordinate perpendicular to the z axis) for any value of z. In the case of an optical waveguide, we can view the periodic surface current as being generated by a mode propagating in the positive z direction with a longitudinal propagation constant of β p , being strongly phase-matched or coupled to another propagating or radiation mode (with a propagation constant β q ) of the waveguide by the grating vector K whose magnitude for a first order grating is determined by the sums of the magnitudes of β p and β q .
Equations (1) and (2) show that the conditions for a strong coupling coefficient are: 1) a large relative permittivity difference between the materials on either side of the grating interface; and 2) a large grating confinement factor (or a large fraction of the peak electric field at the centerline of the grating). Grating confinement factors and the magnitude of the electric field can be calculated by approximating grating layers with average relative permittivities [7] . We can define crude Figure of Merits (FoM) by multiplying the permittivity difference by the grating confinement factor:
or by multiplying the permittivity difference by the fraction of the peak electric field at the centerline of the grating [13] :
Equations (1), (2) and (3) suggest that a III-V waveguide (such as shown in Fig. 1(b) , (c)) could have both a high index difference and a high grating confinement factor (or large fraction of the peak electric field at the centerline of the grating) if a thin, low index "liner" layer is inserted between the high index ridges and grooves of the grating and a thicker high index "cover layer" is applied over the liner as shown in Fig. 1(d) .
The low index "liner" layer (which could be silicon dioxide) provides a large value for the (n 2 1 − n 2 2 ) term, while the high index "cover" layer (which could be amorphous silicon for wavelengths greater than ∼1 micrometer) results in a large grating confinement factor by increasing the intensity of the light in the grating layer. We call such a configuration an ECS grating. Note that FoM a and FoM b of a conventional SOI waveguide [ Fig. 1(a) ] can be substantially increased by the same method, as shown in Fig. 1(e) with the results tabulated in column 7 of Table I .
In addition, the strength of a grating in a low index core slab (or fiber) glass waveguide (with indices typical of optical fibers) can be similarly enhanced by insertion of a thin high index liner over the grating followed by a low index cover layer.
The results in Table I for the waveguides in Fig. 1 are analyzed using a simple planar layer waveguide analysis that does not account for the interaction of the waveguide mode with the exact grating boundaries. As a result, the calculated figures of merit are approximate numbers that are mainly useful for initial exploration of the parameter space of an optical waveguide with an ECS grating, which can be optimized for specific applications using more accurate methods.
Calculations of first-order grating feedback and second-order grating coupling using numerically exact Floquet-Bloch formalism [14] - [16] and numerical Finite-Difference Time-Domain (FDTD) approaches [17] , [18] validate the concept of using a thin "liner" layer that has a large index contrast to the surrounding layers.
The Floquet-Bloch method [14] - [16] can be extended to analyze ECS gratings by including multiple grating layers within the optical waveguide as shown in Fig. 3 , which illustrates a grating etched into a III-V layer (InGaAsP in this case) with an index of n 2 with a deposited liner layer of index n 3 covered by a layer with index n 4 . The thickness of the liner layer may be different on the rectangular sidewalls than at the bottom and top of the grating. Additional uniform waveguide layers may be above and below these periodic grating layers.
Such a numerically exact Floquet-Bloch approach matches the electromagnetic field at every horizontal interface contained in the grating region (and at every interface in the complete optical waveguide) to obtain a detailed and accurate solution of the grating strength and distance over which a large fraction of the waveguide light is radiated and reflected by the grating. In the Floquet-Bloch approach, the electric field is written as: (4) where γ = α + jβ is the propagation constant of the mode and F(x, z) = F(x, z + Λ) is a periodic function, expandable in a Fourier series
where ψ n (x) is the transverse variation of the nth space harmonic. The longitudinal propagation constant γ n of a space harmonic is given by:
where β is equal to 2π/λ g (λ g is the wavelength of the field variation along the z axis of the waveguide) and α is the field attenuation coefficient (2α is the power attenuation), which is also related to the amount of light radiated from the waveguide for a given grating length. The function F(x, z) acts as a modulation on the propagating mode where there is almost 100 percent modulation of the wave at the second Bragg condition. Since the power attenuation of a mode is proportional to exp(−2αz), the intensity of the light in the waveguide will be reduced to 1/e in a distance z = L = NΛ = 1/(2α), where N is the number of grating periods. Therefore, the light intensity in the waveguide is reduced to 1/e in N = 1/(2αΛ) grating periods.
III. INTEGRATED LASER-GRATING OUTCOUPLER DESIGN AT 1550 NM
This section discusses the integration of an ECS grating coupler with a ridge guide DBR semiconductor laser as shown in Fig. 4 , emitting in the 1550 nm range. The index and doping profile of the semiconductor laser region in Fig. 4 is shown in Fig. 5 . The compositions and layer thicknesses shown are typical of those used for semiconductor lasers and other active photonic components [19] . The corresponding layer compositions, thicknesses, doping levels and indices of refraction are tabulated in Tables II (laser region) and III (grating region). The location of a narrow "etch stop" layer on the p-side in the laser region provides a lateral index step of 0.015, determined by calculating the effective index as a function of the remaining p-clad layer as shown in Fig. 6 .
For simplicity, the following analysis assumes an ECS grating with a rectangular profile, a constant 50% duty cycle, a constant period and a uniform depth.
A major concern with gratings in waveguides is losses at the interface between the uniform waveguide region (the laser region in this case) and the waveguide region with a grating. For example, in the manufacture of DBR lasers it is common to etch away the top contact (cap) layer and a significant portion of the p-clad layer (and in the present case for a grating coupler, a portion of the SCH layer) before the grating is formed [8] . Fig. 7 shows stepped cross sections of the transition regions from the laser (Section 1, shown in Table II ) to the ECS grating outcoupler region (Section 4, shown in Table III ). These stepped sections correspond to the transitions that occur in the device sketched in Fig. 4 . Section 2 corresponds to the depth of the ridge in the laser section and to the location of the top of a DBR grating. Section 3 corresponds to the top of the coupler gratings. These sections also appear in the sketch of the laser with an ECS coupler in Fig. 4 . Typical lengths for Sections 2 and 3 are on the order of 10 micrometers.
Since the index profiles differ in the laser, transition and grating regions, there are radiation losses and reflections at each interface. Table II lists epitaxial layer thicknesses and indices Table II . Table II ) as a function of the remaining p-clad layer. (assuming an emission wavelength of 1550 nm) for the laser structure shown in Fig. 7 , and Table III lists layer thicknesses and indices for an ECS grating waveguide formed from the laser structure. In this example, the sum of the total thickness of the InGaAsP separate confinement heterostructure (SCH), barriers, and quantum wells (QW) is 0.15 micrometers. The 0.2-micrometer thick grating is etched into the InGaAsP SCH layer. The radiation loss and the reflectivity at a step discontinuity transition in an optical waveguide is proportional to (1 -κ x ) , where κ x is an overlap integral [7] :
κ x is the normalized intensity overlap integral of the fields on either side of the discontinuity, E w is the electric field distribution on one side of the discontinuity and E g is the field intensity distribution on the other side of the discontinuity. Fig. 8 shows index profiles and field intensities for the complete laser structure, for each of the two transition sections and for the grating coupler section of the laser-ECS grating structure of Fig. 7 . Fig. 8(a) shows plots of the field intensities and index profiles in the laser waveguide region (Section 1 of Fig. 7 , red index profile and field plots); and Section 2 of Fig. 7 with no liner or cover layer (blue index profile and field plots, 93% overlap); and in Section 2 of Fig. 7 with a liner layer and an amorphous Si cover layer (green index profile and field plots, 99% overlap). Fig. 8(b) shows plots of the field intensities and index profiles in the laser waveguide region (Section 1 of Fig. 7 , red index profile and field plots); in Section 3 of Fig. 7 with no liner or cover layer (blue index profile and field plots, 73% overlap); and in Section 3 of Fig. 7 with a liner and amorphous Si cover layer (green index and field plots, 97% overlap). Fig. 8(c) shows plots of the field intensities and index profiles in the laser waveguide region (Section 1 of Fig. 7 , red index profile and field plots); and in Section 4 of Fig. 7 with a liner and cover layer (blue index profile and field plots, 94% overlap). If the liner and cover layer were not present, the grating coupler waveguide in Section IV would be cutoff. So not only can the application of a liner and cover layer decrease radiation losses at waveguide discontinuities, such layers can also prevent a waveguide section (with or without a grating) from being cutoff.
Overlap integrals between the laser field and standard DBR or standard grating coupler regions are typically in the 0.85 to 0.9 range [8] . The short transition region(s) between the laser section and grating waveguide region help to reduce losses due to reflections and radiation at the interfaces between sections. As shown in Fig. 8 , the liner and cover layers provide field overlaps in the 0.94 and higher range, resulting in lower transition losses for ECS couplers compared to standard couplers.
The calculations of the fields in Fig. 8 were done using WAVE-GUIDE III [20] for the index profiles indicated in Fig. 8 . Each grating layer was assigned an equivalent average permittivity based on the weighted duty cycle of the permittivity of each material in each of the three grating layers shown in Fig. 3 . Fig. 9 shows the normalized reciprocal wavelength (Λ/λ 0 ) as a function of the normalized real part of the longitudinal propagation constant ((β−K)/K) and the normalized imaginary part of the longitudinal propagation constant (or attenuation) (αΛ) calculated using the exact Floquet-Bloch analysis for the ECS grating coupler shown in Fig. 8(c) and Table III for an infinitely long grating. For this structure, the light remaining in the grating waveguide is reduced by 1/e in N ∼ 13 grating periods or about 6.5 micrometers (since αL ∼ 0.08) for a wavelength of 1550 nm and a grating period of 0.4882 micrometers. Fig. 10 shows the fraction of incident power radiated down (blue squares), fraction of incident power radiated up (green asterisks), fraction of incident power reflected backwards (orange diamonds), fraction of incident power transmitted forward (red triangles); fraction of incident power radiated both upwards and downwards (black inverted triangle) and the sum of the fractions of incident power reflected, transmitted and radiated (turquoise circles) as a function of wavelength (assuming a fixed grating with a 50% duty cycle) for the waveguide shown in Fig. 8(c) and Table III . The deviation of the total power plot (turquoise circle) from unity indicates that the maximum error of the FloquetBloch analysis is about 5%. The points (A), (B), (C), (D), (E) and (F) in Fig. 10 match the corresponding letters shown in Fig. 9 . The power spectrum plots in Fig. 10 assumed a grating length of 19.5 micrometers in Fig. 10(a) , 48.82 micrometers in Fig. 10(b) and 100 micrometers in Fig. 10(c) , all with a grating period of 0.4882 micrometers.
The maximum outcoupled power does not occur at the maximum value of attenuation (point (C) in Figs. 9 and 10) since attenuation is due to a combination of reflection, transmission and outcoupling. The maximum outcoupling occurs at point (E) on the short wavelength side and at point (B) on the long wavelength side of the second Bragg condition for a grating length of 19.5 micrometers [Figs. 9 and 10(a)] and at slightly different wavelengths for the other grating lengths [ Fig. 10(b), (c) ]. At the wavelengths of maximum outcoupling for the 19.5 micrometer long grating, the reflected power is ∼10%. By operating at wavelengths further away from the second Bragg condition from the peak outcoupling wavelength, the reflected power can be minimized with only modest reductions in the amount of outcoupled power-particularly on the long wavelength side of the Bragg condition.
Reflections can also be minimized, even if the operating wavelength of the coupler is close to the 2 nd Bragg condition by the addition of one or more additional slits (grating grooves or ridges) appropriately spaced away from the coupler grating. The additional slit(s) serve as a partially reflecting mirror and by destructive interference cancel the in-plane reflection from the coupler [21] . Another method to reduce back reflections is the use of a curved grating coupler that decouples the coupler reflection from the grating by refocusing the reflected light away from the entrance to the waveguide [22] .
By adding a high reflect coating (1/4 wave thick layer of Si 3 N 4 and Au, for example) over the grating on the epitaxial side and an antireflection coating (1/4 wave thick layer of Si 3 N 4 ) on the transparent InP substrate side, almost all of the total outcoupled light (the sum of the light coupled up and down in Fig. 10 ) can be directed through the substrate of the device shown in Fig. 4 (see Fig. 29 of Chapter 5 of [7] ) [23] . Alternatively, the incorporation of an epitaxial reflector stack under the waveguide structure on the n-side can direct almost all of the outcoupled light out of the top p-side (Fig. 4 of Chapter 6 of [7] ) [1] . P-side outcoupling can also be achieved without an epitaxial grown bottom reflector stack. Since the ECS grating coupler footprint is small compared to the chip size, an etch stop layer located close to the n-side (substrate side) of the grating waveguide allows etching a recessed area opposite the coupler from the n-substrate side. Then either a high-reflect dielectric stack or a high reflect coating (1/4 wave thick layer of Si 3 N 4 and Au) can be applied over the layer exposed by the etch stop layer.
Combining such substrate side reflectors with an antireflection coating (1/4 wave thick layer of Si 3 N 4 , for example) above the amorphous Si cover layer will allow almost all of the total outcoupled light (the sum of the light coupled up and down in Fig. 10 ) out of the p-side (top) of the device shown in Fig. 4 .
The maximum total power coupled out of the waveguide (Fig. 10) is about the same for wavelengths on either side of the 2 nd Bragg condition. Fig. 11(a) shows the intensity distribution in the 5 QW grating waveguide region shown in Fig. 8(c) and Table III at point (A) in Figs. 9 and 10(a) , which corresponds to the wavelength (1750 nm) at which the total power radiated upwards and downwards is ∼45% and the power reflected is ∼1%. Fig. 11(b) shows the intensity distribution in the 5 QW grating waveguide region shown in Fig. 8(c) and Table III at point (B) in Figs. 9 and 10(a), which corresponds to the wavelength (1592 nm) at which the maximum total power is radiated (74%) on the long wavelength side of the Bragg resonance and the reflected power is ∼10%. Fig. 11(c) shows the intensity distribution in the 5 QW grating waveguide region shown in Fig. 8(c) and Table III at point (C) in Figs. 9 and 10(a), which is the peak of the attenuation curve and occurs at a wavelength of 1565 nm. At point (C) the total radiated power is ∼20% and the total reflected power is ∼80%, which illustrates that the wavelength of maximum attenuation is not the desired wavelength for maximum outcoupled radiation. Fig. 11(d) shows the intensity distribution in the 5 QW grating waveguide region shown in Fig. 8(c) and Table III at point (D) in Figs. 9 and 10(a) , which corresponds to the wavelength (1550.8 nm) near the 2nd Bragg condition at which the total power radiated is ∼12% and the power reflected is ∼90%. Fig. 11(e) shows the intensity distribution in the 5 QW grating waveguide region shown in Fig. 8(c) and Table III at point (E) in Figs. 9 and 10(a), which corresponds to the wavelength (1537 nm) at which the maximum radiated power is 81% and the reflected power is ∼10%. Fig. 11(f) shows the intensity distribution in the 5 QW grating waveguide region shown in Fig. 8(c) and Table III at point (F) in Figs. 9 and 10(a) , which corresponds to the wavelength of 1483 nm at which the total radiated power is 34% and the reflected power is 1%.
The dashed white lines within the frame of the colored plots outline the ridges and grooves of the grating. The top horizontal line indicates the top of the cover layer. The bottom horizontal line indicates the bottom of the lower (n-side) SCH layer in Table III . Fig. 10(b) shows the power radiated in the 5 QW grating waveguide shown in Fig. 8(c) and Table III with a grating length of 48.82 micrometers. In Fig. 10(b) the incident power radiated upwards and downwards (inverted triangle) has a peak value of 90% and the incident power reflected is 6.5% at a wavelength of 1525 nm. The reflectivity remains greater than 80% for wavelengths at 1700 nm and beyond where the reflectivity is ∼1% or less. Fig. 10(c) shows the power radiated in the 5 QW grating waveguide shown in Fig. 8(c) and Table III with a grating length of 100 micrometers. In Fig. 10 (c) the incident power radiated upwards and downwards (inverted triangle) has a peak value of ∼95% and the incident power reflected is 2% or less at wavelengths of 1625 nm and beyond.
For wavelengths sufficiently far away from a Bragg resonance, the intensity distribution within a grating cycle remains constant along the direction of propagation. The plots in Fig. 11 were calculated using the Floquet-Bloch analysis for an infinitely long grating.
IV. COMPARISON OF AN ECS GRATING COUPLER WITH
A STANDARD GRATING COUPLER.
The normalized reciprocal wavelength as a function of the normalized attenuation and longitudinal propagation constant is shown in Fig. 12 and the corresponding power spectrum of a standard grating coupler is shown in Fig. 13 for the case with the top of the grating located at the surface of the 0.2 micrometer p-clad in Section 2 of Fig. 7 . The length of the standard grating in Fig. 13 is 19 .5 micrometers. (A standard grating at the same location of the ECS grating would cause the waveguide in the coupler region to be cutoff.) The normalized attenuation coefficient for the standard grating is 0.005 compared to 0.08 for the normalized attenuation coefficient for the 19.5 micrometer ECS grating. The total maximum outcoupled power for the standard grating is ∼18% (∼12% coupled up and ∼6% coupled down). Over 80% of the power is transmitted through the grating coupler. By comparison, the same length ECS grating outcouples a maximum of ∼82% (∼3% coupled up and ∼79% coupled down).
Also of note is that the field overlap between the laser and grating coupler regions for the standard grating is 81% and the field overlap between the laser and grating coupler regions for the ECS grating is 94%.
V. CONCLUSION
Addition of a thin, low-index liner layer over a surface grating combined with a high-index layer can result in short, efficient couplers for III-V waveguides with performance similar to grating couplers in silicon photonic waveguides. The same low-index liner and high index cover layer can also minimize reflections at transitions between sections of photonic integrated circuits or between a laser region and a DBR or grating coupler region.
To demonstrate these advantages, the analysis in this paper only treated a two-dimensional grating with a uniform period and a uniform duty cycle. Adding a tapered region to laterally expand the width of the ECS coupler (Fig. 4) along with tailoring the duty cycle and period of the coupler in the manner described in [1] increases the coupling efficiency to fibers and many other optical elements.
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